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SYSTEM AND METHOD FOR INCREASING THE ROLL OFFSET 
OPERATING RANGE FOR A SPACECRAFT 



CROSS-REFERENCES TO RELATED APPLICATIONS 
[0001] This application claims the benefit of U.S. Provisional Patent App. No. 60/417,225, 
filed on October 10, 2002, and entitled "Single Chord Large Offset Pointing System 
(SiCLOPS), the entirety of which is incorporated herein by reference for all purposes. 



BACKGROUND OF THE INVENTION 
[0002] The present invention relates generally to spacecraft attitude control, and more 
particularly to increasing the roll offset operating range of a spacecraft. 
[0003] Geosynchronous communications spacecraft typically use earth sensors to provide 
attitude information necessary for earth-pointing control. The advantage of using earth 
sensors is that they are simple and reliable devices that provide a direct measurement of the 
spacecraft attitude relative to the Earth. The drawback is that they have a limited sensing 
range, in part due to the small angular earth radius (8.7 degrees) at geosynchronous altitude. 
In particular, the scanning earth sensor used by most spacecraft manufacturers has a pitch 
range of about ±5.1 degrees, and a roll range of roughly ±2.4 degrees. 
[0004] When a spacecraft is constructed, the earth sensor is mounted so that the sensor 
operates well within its range during normal mission operations. The difficulty occurs when 
a spacecraft already in-orbit is to be used for another mission. In this case, it may be 
necessary to tilt the spacecraft to move the antenna coverage pattern to a new geographical 
location. The limited roll sensing range, however, may make it impossible to achieve the 
required tilt. That is, tilting the spacecraft by the desired angle, may saturate the earth sensor 
so that it is inoperable at the new position. Thus, what is needed is a system and method that 
will allow the spacecraft and the earth sensor to operate at a roll offset. 



BRIEF SUMMARY OF THE INVENTION 
[0005] One embodiment of the present invention relates to a method for increasing the roll 
offset operating range for a spacecraft using an earth sensor operating in a single scan mode. 
In accordance with this embodiment, the method comprises moving the spacecraft to a first 

5 roll position, which has a roll angle that will cause the earth sensor to have a desired standard 
chord. Next, the earth sensor is switched to single scan mode by tuming-off or deselecting 
one of the earth sensor scans. By switching the earth sensor to a single scan mode, the earth 
sensor standard chord is locked at or near the desired standard chord. After the desired 
standard chord is set, the spacecraft is moved to a second roll position, which is a desired roll 

1 0 offset operating position for the spacecraft. Finally, the earth sensor roll output (generated 
using the single scan mode) is used to calculate the spacecraft roll at the roll offset operating 
position. 

[0006] In one embodiment of the present invention, when operating in single scan mode, 
the earth sensor comprises an active scan and an inactive scan, and the step of moving the 
1 5 spacecraft to a first roll position, comprises moving the spacecraft to a roll position so that the 
earth sensor standard chord is equal to or about equal to the chord width for the active scan at 
the desired roll offset operating position. 

[0007] In accordance with another embodiment of the invention, the earth sensor comprises 
a north scan and a south scan, and the step of switching the earth sensor to single scan mode 
20 comprises deselecting the south scan for a positive roll offset operation and deselecting the 
north scan for a negative roll offset operation. 

[0008] In accordance with yet another embodiment of the invention, prior to moving the 
spacecraft to the second roll position, an estimated standard chord value for the locked 
standard chord is computed. In some embodiments, the estimated standard chord value N 0 is 
25 calculated using the equation: 
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[0009] In yet another embodiment of the present invention, the spacecraft roll is calculated 
using the polynomial equation: <f> = a 0 + a A + a 2 9 2 s + ■ • • + a N 0? . In accordance with this 
aspect of the invention, the coefficients a 0 , a„ • • • , a N are computed by fitting an N th degree 
30 polynomial to numerical values of the true earth sensor roll angle for a range of single scan 
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chord widths. Further, in some embodiments, the value for 0 t may be determined by the 
equation: 0, = <fi ESA +N 0 + N bias , where N bias is a standard chord bias computed to correct for 
uncertainty in the value of the earth sensor's internal standard chord. 

1001 01 In accordance with yet another embodiment of the present invention, the step of 
5 using the earth sensor roll output to calculate spacecraft roll at the roll offset operating 
position may further comprise correcting the roll angle for seasonal radiance biases and 
thermal distortions. 

[001 1 ] Other embodiments of the present invention comprise an attitude processing control 
system adapted to allow a spacecraft to perform missions, which require spacecraft roll 
1 0 outside the normal roll operating range of a spacecraft earth sensor. In accordance with this 
embodiment of the invention, the attitude processing and control system comprises an earth 
sensor, control torquers, and at least one processing unit adapted to receive attitude 
information from the earth sensor, compute attitude, and compute attitude control commands 
which direct the control torquers to move the spacecraft to maintain a desired attitude. 

15 [001 2] The attitude processing and control system is adapted to move the spacecraft to a 
first roll position, which has a roll angle that will cause the earth sensor to have a desired 
standard chord. Next, the attitude processing and control system is adapted to switch the 
earth sensor to single scan mode by deselecting one of the earth sensor scans. This locks the 
earth sensor standard chord at or near the desired standard chord. Next, the attitude 

20 processing and control system is adapted to move the spacecraft to a second roll position, 
which is a desired roll offset operating position for the spacecraft. Finally, the attitude 
processing and control system is adapted to calculate spacecraft roll at the roll offset 
operating position using the earth sensor roll output in single scan mode. The calculated 
spacecraft roll then can be used to control or maintain a desired roll attitude for the 

25 spacecraft. 

[0013] Yet another embodiment of the present invention comprises a spacecraft that 
includes the systems and methods described herein. 

[0014] A more complete understanding of the present invention may be derived by 
referring to the detailed description of preferred embodiments and claims when considered in 
30 connection with the figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] In the Figures, similar components and/or features may have the same reference 
label. Further, various components of the same type may be distinguished by following the 
reference label with a second label that distinguishes among the similar components. If only 
5 the first reference label is used in the specification, the description is applicable to any one of 
the similar components having the same first reference label irrespective of the second 
reference label. 

[001 6] Fig. 1 is a drawing of one embodiment of a spacecraft that may include the systems 
and methods of the present invention; 
10 [0017] Fig. 2 is a drawing of one embodiment of an earth sensor; 

[001 8] Fig. 3 is a flow chart illustrating one embodiment of a method for increasing the roll 
offset operating range of a spacecraft; 

[0019] Fig. 4 is a chart showing how the standard chord and the south scan chord for an 
earth sensor may vary with roll angle for one example of an implementation of the present 
15 invention; 

[0020] Fig. 5a is a drawing showing north and south earth sensor chords for a spacecraft 
having its earth sensor pointing at nadir; 

[0021] Fig. 5b is a drawing showing north and south earth sensor chords for a spacecraft 
operating in a mission in which the spacecraft is rolled so that the earth sensor is not pointing 
20 at nadir; 

[0022] Fig. 6 is a chart showing the earth sensor roll output for one example of an 
implementation of the present invention; and 

[0023] Fig. 7 is a diagram of one embodiment of a system that may be used for increasing 
the roll offset operating range of a spacecraft. 

25 

DETAILED DESCRIPTION OF THE INVENTION 
[0024] The present invention relates generally to spacecraft attitude control. More 
particularly, one embodiment of the invention relates to increasing the roll offset operating 
range of a spacecraft by overcoming the limitations of the standard earth sensor to extend the 
30 roll sensing range beyond the normal earth sensor roll output saturation limit. In accordance 
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with this embodiment and as discussed in more detail below, a single scan mode of the earth 
sensor is used to generate the roll output angle, rather than the two scans of information 
normally used. 

[0025] The method comprises a procedure that involves commanding a large roll offset and 
5 then switching the earth sensor from dual scan mode to single scan mode. Once the 

procedure is completed, the earth sensor operates using the single scan mode to provide roll 
information beyond the normal earth sensor roll range limit. When operated is this manner, 
the earth sensor roll output is a nonlinear function of the true earth sensor roll angle. Thus, 
in-flight software applies an inverse function to the earth sensor roll output to estimate the 
1 0 true spacecraft roll angle from the measured earth sensor roll angle. Once determined, the 
spacecraft attitude control system can use the estimated roll angle in the normal way to 
update the spacecraft three-axis inertial attitude and gyro biases. As one skilled in the art will 
appreciate, the true roll angle of the spacecraft is not necessarily the same as the true roll 
angle of the earth sensor. If the axes of the two are aligned, they will be about the same, 
1 5 otherwise they will not. Regardless, because the relationship between the spacecraft and the 
earth sensor generally is known, it is relatively straight forward to calculate spacecraft roll 
from the earth sensor roll. 

[0026] Referring now to Fig. 1 , one embodiment of a spacecraft 1 00 that may include the 
systems and methods for increasing the roll offset operating range of the spacecraft in 

20 accordance with the present invention is shown. In the illustrated embodiment, spacecraft 
100 includes a spacecraft center body 102, and solar panels 104a and 104b and 
communication antennas 106a and 106b connected to spacecraft center body 102. In 
addition, spacecraft 100 includes an attitude control systems that may comprise attitude 
sensors, control torquers and a processing system. For example, in the embodiment 

25 illustrated in Fig. 1, the attitude control system includes an earth sensor 108, a sun sensor 
1 10, an inertial measurement unit (e.g., a gyro) 1 12, reaction wheels 1 14, and thrusters 1 16. 
As one skilled in the art will appreciate, the sensors (earth sensor 108, sun sensor 1 10 and 
BVIU 112) are adapted to monitor the attitude of the spacecraft, and the control troquers 
(reaction wheels 1 14 and thrusters 1 16) are adapted to rotate the spacecraft to maintain a 

30 desired attitude. Also, as one skilled in the art will appreciate, the spacecraft illustrated in 
Fig. 1 is but one example of a spacecraft that may embody the systems and methods of the 
present invention. Therefore, the present invention is not limited to the illustrated 
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embodiment. One skilled in the art will appreciate that the systems and methods of the 
present invention can be used on any spacecraft configuration and for any spacecraft mission. 

[0027] Geosynchronous spacecraft often use a scanning earth sensor, (e.g., earth sensor 200 
shown in Fig. 2) to provide information used to determine both roll and pitch attitudes for the 

5 spacecraft. This type of earth sensor typically includes two pyro-electric detectors (not 
shown) and a mirror 204 mounted on a flexure. As shown in Fig. 2, mirror 204 oscillates 
back and forth at a fixed frequency and causes the earth's infrared image to translate back and 
forth across the detectors. Alternatively, this can be viewed as the detectors translating back 
and forth across the earth's image. In Fig. 2, the generated detector scans are illustrated as 

10 scans 202a and 202b. The two scans, a north scan 202a and a south scan 202b, traverse an 
east-west path as shown in Fig. 2. With the particular earth sensor embodiment illustrated in 
Fig. 2, the two scans are roughly 7.6 degrees apart, and the total scan angle is roughly ±15 
degrees. 

[0028] Earth sensor 200 may operate either in a dual scan mode or in a single scan mode. 

15 In the dual scan mode, information from both scans 202a and 202b is used to determine the 
roll and pitch angle of the spacecraft. In the single can mode, information from either the 
north scan 202a or the south scan 202b is used. The single scan mode is intended for use 
when the sun or a bright moon may corrupt the output of one of the scans. During single scan 
mode operation, the corrupted scan is deselected or "inhibited" by ground command so that 

20 the sensor output is not corrupted. Although it is possible to operate continuously in the 

single scan mode, in some instances, it is not preferred because of reduced sensing accuracy. 

[0029] Earth sensor 200 processes the scans from the detectors and computes chord widths 
and chord centers for the scans; i.e., the width of the earth at the scan location, and the center 
of the earth width at that location relative to the scan center point. The chord centers are used 
25 to determine pitch angle, and the chord widths are used to determine the roll angle. In the 
dual scan mode, the roll angle generated by the earth sensor is computed as: 

[0030] (1) 
[0031] where 9 S is the south scan chord angle, and 0„ is the north scan chord angle. 
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[0032] When the earth sensor is operating in the dual scan mode, the output reaches its 
saturation limit of about ±2.56 degrees when the true earth sensor roll angle reaches about 
±2.46 degrees. 

[0033] In the single scan mode, the earth sensor processing depends on the selected scan. 
5 When the south scan is selected, the roll angle output is given by: 

[0034] <t>ESA= e s~ N o (2) 

[0035] where N 0 is the standard chord angle; a quantity that the earth sensor computes 
internally from the north and south scan chord measurements. When the north scan is 
selected, the roll angle output is given by: 

10 [0036] <f>ESA= N o-0n (3) 

[0037] While operating in dual scan mode, the earth sensor updates the standard chord N 0 
every eight (8) seconds by processing 128 samples of the north and south chord widths 
according to the equation: 

128 g +Q 

[0038] No=YP^T L (4) 

i=i z 

1 5 [0039] When the earth sensor is switched from the dual scan mode to the single scan mode 
the then present value of the standard chord is "locked-in" and does not change during single 
scan operation. For the earth sensor as described, the value of the standard chord locked-in at 
a zero degree roll angle is approximately 15.7 degrees. Using this standard chord, and with 
the south scan selected, the earth sensor roll output saturates when the true earth sensor roll 

20 angle reaches about -1 .93 degrees. With the north scan selected, the output saturates at a roll 
angle of about +1.93 degrees. 

[0040] The present invention achieves an increased roll sensing range by making use of 
Eqs. (2) and (3), and recognizing from Eq. (4) that the value of the standard chord depends on 
the roll angle at which the standard chord is locked. More specifically, the difference 
25 between the selected scan chord (e.g. , either the north scan chord or the south scan chord) and 
the standard chord determines whether or not the earth sensor output will be saturated. As 
long as the magnitude of this difference is less than 2.56 degrees, then the output will not be 
saturated, and the sensor will produce useful roll information. 
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[0041] Referring now to Fig. 3, one embodiment of a method for increasing the roll offset 
operating range of a spacecraft will be described with reference to flow chart 300. In 
accordance with this particular embodiment, the earth sensor is deselected for attitude 
determination, and the spacecraft operates using a gyro-propagated reference without roll 
updates from the earth sensor (step 302). This gyro-propagated reference is accurately 
established using updates from the earth sensor in dual-scan mode prior to the start of the roll 
offset method of the present invention. 

[0042] Next, using the gyro measurements to measure the spacecraft roll, the spacecraft is 
moved to a roll angle that results in a desired standard chord (step 304). That is, the 
spacecraft is oriented to a roll angle that will allow the standard chord to be locked-in at a 
chord width that is approximately equal to the chord width of the selected scan at the desired 
roll offset operating point. By doing this, the earth sensor is "tricked" into believing that the 
desired roll offset operating point is the zero-roll operating point. One example of this is 
illustrated by chart 400 in Fig. 4. 

[0043] Fig. 4 shows how the standard chord (depicted as curve 402) and the selected scan 
chord (depicted as curve 404) vary as a function of the true earth sensor roll angle (the X-axis 
of the chart). In this particular example, a negative roll offset is considered, and the south 
scan is selected (conversely, for a positive roll offset, the north scan would be selected). Note 
that for a negative roll offset, the north scan moves towards the equator as the south scan 
moves towards the south pole. This is illustrated in Figs. 5a and 5b. 

[0044] Fig 5a shows a north scan chord 502 and a south scan chord 504 for an earth sensor 
that is pointing at nadir. In this embodiment, the standard chord 506 is the average of the 
north and south scan chords, and for zero roll, is the chord equal to both the values of 502 and 
504. Fig. 5b shows the scan chords for a negative roll of the spacecraft. As can be seen, the 
north scan has moved from it original position 502 to a new position 512 toward the equator 
506. Similarly, the south scan chord has moved from its original position 504 to a new 
position 514, which is closer to the south pole. The standard chord for the negative roll 
measurement is the average of the new north scan chord 512 and the new south scan chord 
514. 

[0045] In the example illustrated in Fig. 4, a desired roll offset of -2.7 degrees is assumed 
(line 406). At this operating point, the south chord is 1 1.8 degrees (denoted as point C 0 on 
curve 404). To achieve this same chord width value for the standard chord, the standard 
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chord must be locked in at a roll angle of -4.4 degrees (line 408). The standard chord length 
at a -4.4 roll angle is shown as point 410 on curve 402. By locking the standard chord at -4.4 
degrees and having the operating offset angle at -2.7 degrees, then the earth sensor output 
will be non-saturated for south chord widths within the range of about 9.2 to about 14.4 
degrees, where the magnitude of the difference between the south chord and the standard 
chord will be less than 2.56 degrees. In the illustrated embodiment, the operating range is 
between lines 412 and 414 in Fig. 4. As Shown in Fig. 4, with the single scan mode 
configured in this fashion, the earth sensor will provide usable roll information within the 
range of about -1.2 degrees (point 416) to about -3.6 degrees (point 418). 

[0046] In accordance with these embodiments of the present invention, for a negative roll, 
the south scan is selected (and the north scan is inhibited) because it provides better 
sensitivity to changes in roll angle, and reduced sensitivity due to measurement errors. The 
north scan is not used because it has reduced sensitivity to roll angle and provides increased 
sensitivity to measurement errors. For example, for the case of a -2.7 degree earth sensor roll 
angle, the north chord sensitivity is 0.27 (ratio of delta chord width to delta roll angle), while 
the south chord sensitivity is 2.13. 

[0047] As mentioned above, after the spacecraft is moved to the roll angle that results in 
the desired standard chord, the standard chord is "locked-in" by switching the earth sensor to 
its single scan mode (step 306). When this mode switch occurs, the flight software computes 
an estimated standard chord N 0 assuming a spherical earth model (step 308). In accordance 
with one embodiment of the invention, the estimated standard chord N 0 is computed using 
the following expression: 



[0048] N 0 = cos" 



cos(flJ+sin(Osin(2^) ] + ^ [ co S (^)-sin(^)sin(2^) 

cos(0 Cfln ,)cos^J 



(5) 



cos(0 con ,) cos W 

[0049] where G e is the earth C0 2 angular radius at geosynchronous altitude (roughly 8.7 
degrees), 0 ca „, is the earth sensor scan cant angle (3.8 degrees), and j> is the expected value 
of the earth sensor roll angle provided by an on-board attitude determination system. 

[0050] After the standard chord is estimated, the spacecraft is rolled-back to its smaller 
operating roll offset (step 310). For the example illustrated in Fig. 4, the operating roll offset 
is -2.7 degrees. With the earth sensor now operating in single scan mode, the earth sensor 
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roll output <p is computed and used to maintain the spacecraft attitude (step 312). In one 
embodiment of the invention, the earth sensor roll output 4> is computed using a polynomial 
equation, for example, of the form: 

[0051] ^fl,+aA+«A 2+ - + fl / < 6) 

[0052] where 0 S , is the expected selected scan chord width (south scan for a negative roll 
offset) given by: 

[0053] 0 S = +esa +^ 0 +N bias (7) 

[0054] where N btas is a standard chord bias computed to correct for uncertainty in the value 
of the earth sensor's internal standard chord. Equation (6) provides an approximation to the 
inverse of the earth sensor single chord transfer function. The coefficients a 0 ,a it —,a N are 
computed by fitting an N th degree polynomial to numerical values of the true earth sensor roll 
angle for a range of single scan chord widths. In one embodiment, a 5 th degree polynomial 
should be sufficient to provide good modeling accuracy over the earth sensor operating range. 
Fig. 6 illustrates a curve 600 showing the earth sensor transfer function for an operating offset 
roll angle of -2.7 degrees. As shown, the transfer function is a non-linear curve having an 
operating range between about -1.2 degrees (location 602) and about -3.6 degrees (location 
604), for this particular example. Outside of this range, the earth sensor saturates, and thus, 
will not produce a useful roll output measurement. 

[0055] Referring now to Fig. 7, one embodiment of a system 700 that may be used to 
implement the methods of the present invention is shown. System 700 comprises an earth 
sensor 702, a standard chord estimation unit 702, a roll angle estimation unit 704, and a roll 
error correction unit 706. In the illustrated embodiment, standard chord estimation unit 702, 
roll angle estimation unit 704, and roll error correction unit 706 are illustrated as separate 
units. These are merely process representations and are not intended to limit the present 
invention to this particular configuration. One skilled in the art will appreciate that each of 
these process representations or units can be incorporated into one or multiple processing 
units that are part of an attitude control system. Thus, the present invention is not limited to 
the particular block diagram shown in Fig. 7. 
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[0056] In accordance with the illustrated embodiment, earth sensor 702 generates an earth 
sensor roll measurement <f> ESA . Standard chord estimation unit 704 uses the expected earth 
sensor roll ^ from an attitude determination system to calculate an estimated standard chord 
N 0 , for example, in accordance with Equation 5 above. As mentioned above, a standard 

5 chord bias N bias is then computed so that the estimated single scan chord equals the expected 
single scan chord at the operating offset. The estimated standard chord N 0 and the standard 
chord bias N bias are added to the earth sensor output <f> ESA to generate the expected scan chord 
width 0 S , for example, in accordance with Equation 7. In Fig. 7, this addition process is 
shown as addition operations 710 and 712, which is merely an exemplary representation of 

10 Equation 7. 

[00571 After the expected scan chord width 0 S is calculated, it is used by roll angle 
estimation unit 706 to calculate the estimated spacecraft roll angle <j> , for example, in 
accordance with Equation 6. Roll error correction unit 708 receives the estimated spacecraft 
roll angle </> , and corrects the roll angle for other factors, such as seasonal radiance biases, 
1 5 thermal distortions, etc. The coefficients of a seasonal model (and refinements to the value 
N bias ) ma y be determined using digital sun sensor measurements, thermal sensor 
measurements, structural bias sensor measurements, or the like. 

[0058] In conclusion, the present invention provides novel systems and methods for 
increasing the roll offset operating range for a spacecraft. While detailed descriptions of one 
20 or more embodiments of the invention have been given above, various alternatives, 

modifications, and equivalents will be apparent to those skilled in the art without varying 
from the spirit of the invention. Therefore, the above description should not be taken as 
limiting the scope of the invention, which is defined by the appended claims. 
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